Objective: Disturbances in functional connectivity have been suggested to contribute to cognitive and emotion processing deficits observed in bipolar disorder (BD). Functional connectivity between medial prefrontal cortex (mPFC) and other brain regions may be particularly abnormal. The goal of the present study was to characterize the temporal dynamics of the default mode network (DMN) connectivity in BD and examine its association with cognition. Method: In a preliminary study, euthymic BD (n ϭ 15) and healthy comparison (HC, n ϭ 19) participants underwent resting-state functional MRI, using highresolution sequences adapted from the Human Connectome Project, and completed neuropsychological measures of processing speed and executive function. A seed-based approach was used to measure DMN correlations in each participant, with regions of interest in the mPFC, posterior cingulate cortex (PCC), and lateral parietal cortex. Subsequently, to characterize temporal dynamics, correlational analyses between the mPFC and other DMN nodes were repeated using a sliding-window correlational analysis with subsets of the time series. Results: When averaged across the entire scan, there were no group differences in overall connectivity strength between the mPFC and other regions of the DMN. However, dynamic connectivity between the mPFC and PCC was altered in BD, such that connectivity was less variable (i.e., more rigid) over time. Decreased connectivity variability was associated with slower processing speed and reduced cognitive set-shifting in BD patients. Conclusions: Variability in restingstate functional connectivity may be an index of internetwork flexibility that is reduced in BD and a correlate of ongoing cognitive impairment during periods of euthymia.
neural underpinnings of these deficits are not completely understood.
Disturbances in functional connectivity have been suggested to contribute to cognitive and emotion processing deficits observed in BD. Studies of functional connectivity have reported the existence of several functionally distinct organized networks that show highly correlated activity during rest (Greicius, Krasnow, Reiss, & Menon, 2003; van den Heuvel & Hulshoff Pol, 2010) . Among the identified resting-state networks, the DMN consists of mPFC, PCC, and bilateral angular gyrus (AG) regions that are thought to support self-reflective and emotional processing as well as other internally directed cognitive functions (e.g., intrinsic attention, information processing, remembering autobiographical information, planning aspects of personal future, reasoning; AndrewsHanna, 2012; Buckner, Andrews-Hanna, & Schacter, 2008; Gusnard, Akbudak, Shulman, & Raichle, 2001; Schilbach, Eickhoff, Rotarska-Jagiela, Fink, & Vogeley, 2008; Spreng, Mar, & Kim, 2009) , which makes it particularly interesting in the context of BD. While the DMN has been observed to be active at rest and suspended during cognitive task states , studies have also found functional connectivity in the DMN to be related to cognitive performance, including executive functions such as working memory and cognitive set-shifting (AndrewsHanna et al., 2007; Damoiseaux et al., 2008; Hampson, Driesen, Skudlarski, Gore, & Constable, 2006) , suggesting that a common set of cognitive processes are spontaneously active even during passive states. Mazoyer and colleagues (2001) explored the content of spontaneous thought at rest using introspective questionnaires regarding subjects' mental activity and observed that resting-state activity was associated with "generation and manipulation of mental images, reminiscence of past experiences based on episodic memory, and making plans." Furthermore, inhibitory processes are also inherently recruited in order to refrain from moving and avoid structured mental activities (Mazoyer et al., 2001) . All these cognitive processes are components of working memory and executive systems; thus, these authors conclude that conscious resting state is sustained by large-scale fronto-parietal cortical networks working together under the supervision of an executive prefrontal network (Mazoyer et al., 2001) .
Notably, the mPFC was of particular interest in this study as it is central to emotional regulation, via connections to limbic regions, and exhibits mood-state dependent alterations in BD (Strakowski, Delbello, & Adler, 2005) . Additionally, its connectivity with the PCC has been linked with executive function (AndrewsHanna et al., 2007; Hampson et al., 2006) . Both structural and functional abnormalities of the mPFC are seen in BD (Strakowski et al., 2005) , including how its activity is coordinated with that of other brain regions within the DMN and associated networks (Calhoun, Maciejewski, Pearlson, & Kiehl, 2008; Vargas, López-Jaramillo, & Vieta, 2013) . Although abnormalities in resting-state functional connectivity are well documented, the specific direction of these findings is varied across studies. For example, some studies observe hyperconnectivity of the mPFC with other cortical (e.g., dorsolateral prefrontal cortex, other DMN regions) and meso-limbic regions (e.g., amygdala, insula; Chai et al., 2011; Favre, Baciu, Pichat, Bougerol, & Polosan, 2014) , while others find it to be less functionally connected to these regions (Favre et al., 2014; Liu et al., 2012; Öngür et al., 2010) . Anticevic and colleagues (2013) observed both reduced mPFC global brain connectivity as well as increased mPFC-amygdala connectivity. Discrepancies across studies may be attributed to differences across studies in methods of analyses (e.g., region of interest analysis, independent component analysis, regional homogeneity approach) and sample characteristics (e.g., euthymic, vs. manic or depressed patients); nevertheless, the consistent finding is that patients with BD show differences in mPFC connectivity patterns compared with healthy controls.
The extant literature suggests that resting-state connectivity may be more complex than simply describing an increase versus decrease in connectivity between regions/networks (Vargas et al., 2013) . All of the aforementioned studies were focused on overall connectivity strength-that is, they are based on the implicit assumption of stability or consistency throughout the measurement period. While this assumption is convenient and has allowed simplification of incredibly complex network interactions that underlie conscious mental activity during rest, it is also oversimplified. It is natural to expect that functional connectivity metrics will exhibit variation over time. Rather than just representing noise in the measurement processes, these fluctuations may reflect a fundamental feature of connectivity, which is nonstationary in nature Chang & Glover, 2010) . Particularly in the resting state, spontaneous or intrinsic fluctuations of activity and connectivity are even more prominent because mental activity is unconstrained, and relatively subtle modulations in cognitive load can alter the spontaneous activity and patterns of functional connectivity throughout the brain, including DMN regions (Yan et al., 2009) . Quantifying the changes in and dynamics of functional connectivity over time can provide greater insight into fundamental properties of brain networks (Hutchison, Womelsdorf, Allen, et al., 2013) .
Characterizing dynamic functional network connectivity is perhaps even more important in clinical populations, given that many neuropsychiatric diseases exhibit altered structural and functional properties (for a review, see Greicius, 2008) . Quantification of disrupted dynamics might capture differences in variability that may not exist in healthy populations and may serve as a sensitive biomarker and/or prognostic indicator of disease progression or cognitive capacity. As such, there is tremendous potential for clinical application of this methodology to make valuable contributions to our understanding of clinical populations. Exploration of the dynamic properties of functional connectivity has provided new insights into neuropsychiatric disease, including Alzheimer's disease (Jones et al., 2012) , autism (Starck et al., 2012) , and schizophrenia Rashid, Damaraju, Pearlson, & Calhoun, 2014; Sakoglu et al., 2010) , and we apply this method to further our understanding of BD. Specifically, little is known about temporal dynamics of functional connectivity from mPFC to other regions within the DMN and how it relates to cognition in euthymic BD patients.
Therefore, in order to gain a better understanding of how the DMN is affected in BD, we investigated the temporal features of functional connectivity within this network. The goals of the present study were to (a) characterize the temporal dynamics of mPFC functional connectivity to other DMN regions at rest in euthymic BD using high-resolution sequences adapted from the Human Connectome Project, and (b) examine associations between variability of mPFC functional connectivity in the DMN and measures of executive function and processing speed. We hypoth-esized that temporal dynamic analysis of the DMN would reveal differences in functional connectivity between patients with BD and healthy individuals not captured by a traditional static (i.e., average) analysis. We were especially interested in the connectivity between the mPFC and PCC and bilateral AG because they represent major components of the DMN (Greicius et al., 2003; Raichle et al., 2001) and because functional disruption between these regions has been found to be associated with cognition (Andrews-Hanna et al., 2007) . Second, we hypothesized that differences in dynamic connectivity would underlie deficits in cognitive control/flexibility and processing speed that are subserved by these regions and typically persist in BD patients during periods of euthymia.
Method Participants
Participants in this study were 21 euthymic bipolar I disorder patients (BD; 7M/14F, 47.2 Ϯ 11.8 years of age) and 20 demographically matched healthy controls (HC; 6M/14F, 47.3 Ϯ 13.1 years of age). All participants were between the ages of 30 -79 years, right-handed, native English speakers, appropriate for MRI (e.g., no metal in body), and free of any serious neurological diagnoses, history of head injury with loss of consciousness greater than 15 min, or current or recent diagnosis of substance abuse or dependence in the past 6 or 12 months, respectively.
All BD participants met criteria for a diagnosis of bipolar I disorder based on the Diagnostic and Statistical Manual of Mental Disorders (4th ed., text rev.; DSM-IV-TR; American Psychiatric Association, 2000), with onset of first mood episode occurring between ages 13-30 years, and had no history of any other Axis I disorder, as determined by the Structured Clinical Interview for DSM-IV (First, Spitzer, Gibbon, & Williams, 1996) . Patients were stable on medications for at least six weeks and were not currently experiencing a mood episode. Subjects were considered euthymic if they met cutoff scores on the Hamilton Rating Scale for Depression (HAM-D Յ7; Hamilton, 1960), Young Mania Rating Scale (YMRS Յ6; Young, Biggs, Ziegler, & Meyer, 1978) , and Positive and Negative Syndrome Scale (PANSS positive Յ21 and PANSS negative Յ21; Kay, Fiszbein, & Opler, 1987 ). An index of psychotropic medication load was calculated for each BD participant using a method previously developed (Hassel et al., 2008) . Current doses of antipsychotics, mood stabilizers, antidepressants, and anxiolytics were assessed, assigned a value based on dosage and duration of use (coded absent ϭ 0, low ϭ 1, or high ϭ 2), and then summed across medication type for each patient. All BD patients were medicated, with 48% taking antidepressants, 52% taking antipsychotics, 67% taking mood stabilizers, and 43% taking anxiolytics or benzodiazepines. Also, 76% were on polytherapy involving two or more classes of these psychotropic medications. HC participants were free of any Axis I disorder, as determined by the Mini-International Neuropsychiatric Interview (Sheehan et al., 1998) , and any first-degree relatives with BD, unipolar depression, or schizophrenia. All procedures were approved by the Institutional Review Board of the Veterans Affairs San Diego Health Care System. Written informed consent was obtained from all participants in the study. Demographic data and clinical rating scores are presented in Table 1 .
MRI Acquisition
Participants were scanned at the University of California, San Diego Keck Center for Functional MRI on a General Electric Discovery MR750 3.0 Tesla scanner with a 32-channel phasedarray head coil (Nova Medical). A high resolution anatomical T1-weighted MRI image was collected using a fast spoiled gradient echo pulse sequence (echo time ‫ء‬ -weighted resting-state functional images were acquired for 10 min using a gradient-echo multiband echoplanar imaging method (multiband factor ϭ 8, repetition time [TR] ϭ 720 ms, TE ϭ 33 ms, FA ϭ 52, FOV ϭ 180 ϫ 208 mm, 90 ϫ 104 matrix, 72 oblique axial 2 mm slices, 833 TRs, voxel size 2 ϫ 2 ϫ 2 mm). Participants were instructed to remain still, stay awake, keep their eyes open, and focus on a fixation point. Slices were collected in the oblique plane aligned to the anteriorposterior commissure plane. In addition, two short scans were collected with reversed phase-encode blips, resulting in pairs of images with distortions going in opposite directions. These images were used for distortion correction of multiband echoplanar images using the TOPUP software in Functional MRI of the Brain Software Library (FSL) (Andersson, Skare, & Ashburner, 2003; Smith et al., 2004) .
Physiological Signal Acquisition and Processing
Earlier resting-state studies have shown that blood oxygenation level dependent (BOLD) frequency oscillations can be confounded by multiple sources of physical and physiological noise (Shmueli et al., 2007; van Buuren et al., 2009; Wise, Ide, Poulin, & Tracey, 2004) . Dynamic analysis is particularly sensitive to physiological noise since estimates of time-varying connectivity are based on relatively short time windows, and signal fluctuations generated from various sources of noise can be misinterpreted as temporary changes in connectivity patterns (Hutchison, Womelsdorf, Allen, et al., 2013) . For this reason, continuous heart rate and respiration signals were collected using the standard physiological monitoring equipment associated with the MR750 MRI system. Cardiac pulse was recorded using a photopulse sensor attached to the index finger to detect blood flow into the vascular bed of the finger.
Breathing was recorded with a respiratory bellows placed around the diaphragm or abdomen where there was the greatest breathing motion when the participant was lying down. Signal processing was performed with an in-house Matlab algorithm.
MRI Processing and Analysis
Functional images were processed using Analysis of Functional NeuroImages (AFNI; Cox, 1996) software and custom code written in Matlab. Preprocessing of MR images included image reconstruction, FSL TOPUP correction for field inhomogeneities, registration, and automated motion correction. The first 10 images were discarded to allow for T1-equilibrium. Images were spatially blurred with a Gaussian kernel full width at half maximum of 3 mm. Linear regression was applied to remove sources of spurious variance in the data. In order to correct for confounds due to physical and physiological noise, the following nuisance regressors and their temporal derivatives were included: linear and quadratic trends, six motion parameters estimated during image coregistration, physiological noise terms RETROICOR (Glover, Li, & Ress, 2000) and RVHRCOR (Chang & Glover, 2009 ) associated with the heart and respiratory rate, the mean BOLD signal averaged over the deep cerebral white matter, and the mean BOLD signal averaged over the ventricles. The corrected BOLD time series were then low-pass filtered using a cut-off frequency of 0.08 Hz. Individual subject data were registered to Montreal Neurological Institute template using FSL FLIRT program at 2 ϫ 2 ϫ 2 mm voxel size. A DMN map was determined for each subject as an average correlation map for six 5-mm seeds at locations described by Yeo and colleagues (2011) . DMN regions of interest (ROIs) were defined by intersecting a group average DMN map at r Ͼ .15 with a highly reliable 17-network cortical parcellation derived from the fMRI data of 1000 healthy controls (Baker et al., 2014; Yeo et al., 2011) . This resulted in 12 DMN ROIs, including nodes in the mPFC, PCC, left and right AG and inferior parietal lobule, left and right anterior middle temporal gyrus, left and right ventral prefrontal cortex, superior medial frontal cortex, left and right superior frontal gyrus, and dorsal prefrontal cortex. Based on our a priori hypotheses, primary analyses were conducted only for the canonical nodes of the DMN, which included the PCC and right and left AG. Medial PFC connectivity with other DMN nodes was explored in secondary, post hoc analyses. The mean time course in each node was extracted and correlated with the average mPFC time course to calculate Pearson's r. Pairwise correlations were then converted to Fisher's r-to-z transformed correlation coefficients, z(r), which are normally distributed over the sample, and an average connectivity score of each node with the mPFC was calculated. Subsequently, to examine time-varying dynamics of resting-state connectivity, a sliding-window approach was applied to the entire time series Chang & Glover, 2010; Hutchison, Womelsdorf, Gati, Everling, & Menon, 2013) . Correlational analyses between the mPFC and other DMN nodes were repeated with a truncated window size of 60 s. The window was advanced in increments of 30 s (resulting in 50% overlap between windows), and correlations were obtained for each window and, hence, different temporal portions of the data. The variability (SD 2 ) over the sequence of sliding-window correlation coefficients was computed for each node. These variability scores were also explored for all pairwise connections between DMN nodes and nodes within two other networks, the dorsal attention network (DAN) and fronto-parietal control network (FPCN).
Motion. BD patients had increased relative motion (BD: 0.11 Ϯ 0.06 mm vs. HC: 0.06 Ϯ 0.04 mm, p Ͻ .01) compared with HC. In order to minimize potential effects of increased relative motion on connectivity results, six BD participants and one HC participant with higher relative motion (defined as 2 SD above the mean for HC) were excluded. Therefore, all analyses were performed with the remaining set of 15 BD (5M/10F, 44.3 Ϯ 11.4 years of age) and 19 HC participants (6M/13F, 46.9 Ϯ 13.3 years of age), who did not significantly differ on relative motion (p Ͼ .05). Individuals who were excluded from analyses did not differ on any demographic or clinical characteristic from the remaining sample (ps Ͼ .05), except that excluded BD patients scored higher on the PANSS positive scale.
Cognitive Assessment
Participants completed the Delis-Kaplan Executive Function System (D-KEFS) Trail Making (TM) and Color-Word Interference (CWI) tests. The TM Number Sequencing and Letter Sequencing conditions as well as the CWI Color Naming and Word Reading conditions were used as measures of psychomotor processing speed. The TM Number-Letter Switching and CWI Inhibition conditions were considered executive function measures of cognitive control and flexibility. For each domain, raw completion times were converted into Z-scores and averaged to create composite scores of processing speed and executive function that were subsequently used in analyses. Higher, more positive values on composite scores are indicative of worse performance.
Statistical Analyses
Statistical analyses were conducted using SPSS Statistics version 14.0. An alpha level of p Ͻ .05 was used to determine statistical significance. Demographic data were analyzed using chi-square statistics for categorical variables (gender) and independent samples t-tests for continuous variables (age, years of education). Groups were compared on cognitive performance using univariate analyses of variance. Demographic variables were included as covariates if they were significantly correlated with the dependent variable and did not interact with either the dependent or independent variables. Group differences in the static (i.e., average) and dynamic (i.e., temporal variability) functional connectivity between the mPFC and other DMN ROIs were evaluated using univariate analysis of variance, controlling for age and relative motion. A Bonferroni-adjusted family-wise alpha level of p Ͻ .017 (p Ͻ .05/3 a priori connections) was used to correct for multiple comparisons within static and dynamic analyses. To examine whether variability in functional connectivity was related to cognition, regions that demonstrated significant group differences in temporal variance of mPFC connectivity were included in subsequent multiple linear regression analyses. In the regression model, mPFC connectivity variability, group (BD, HC), and the interaction term served as predictors of cognitive performance on tasks of executive function and processing speed. Finally, correlations were performed within the BD group to evaluate the relationship of medication load, disease chronicity (e.g., age of onset, disease of illness duration, number of psychiatric hospitalizations, and number of mood episodes), and symptom severity (e.g., HAM-D, YMRS, and PANSS) with cognitive performance and functional connectivity.
Results

Demographics and Cognitive Performance
Groups did not differ on age, gender, years of education, or estimated verbal IQ (see Table 1 ). Mean scores for each group on each D-KEFS measure and cognitive composites are presented in Table 2 . Demographic variables were not significantly related to cognitive performance scores and were not included as covariates in group comparisons. No significant group differences were observed for either composite scores of processing speed or executive function (ps Ͼ .15); BD and HC groups did not statistically differ on cognition.
Static Functional Connectivity
Average connectivity scores between the mPFC and each DMN seed region are presented in Figure 1A and Table 3 . Analyses revealed no significant group differences in average mPFC connectivity strength with the PCC or AG regions (ps Ͼ .306). Exploratory analyses with other DMN regions did not reveal any differences in average mPFC connectivity strength (ps Ͼ .053).
Dynamic Functional Connectivity
Variance over time in connectivity scores between the mPFC and each DMN seed region are presented in Figure 1B and Table   4 . Analyses revealed a significant main effect of group for the connectivity variability between the mPFC and the PCC, F(3, 30) ϭ 7.22, p ϭ .012, 2 ϭ .194. The BD group demonstrated reduced variability in connectivity between the mPFC and PCC (Figure 2) . No group differences in temporal variance between the mPFC and AG regions were observed (ps Ͼ .253). Additionally, post hoc analyses did not reveal group differences in dynamic connectivity between the mPFC and other exploratory DMN regions (ps Ͼ .228).
Additionally, Figure 1 in the supplemental material shows exploratory analyses of the group differences in variance of pairwise connectivity between all nodes of the DMN and all nodes of the FPCN and DAN. These exploratory analyses show that, on the whole, there are more pairwise connections in which HC have greater connectivity variance than BD (i.e., overall more warm than cool colors). Also, connections of all DMN nodes to right inferior parietal lobule and right precuneus are consistently less variable in the BD compared with HC group.
Finally, to rule out the potential effect of caffeine usage as a confounding factor on our results, exploratory correlational analyses were conducted to determine whether caffeine intake was related to mPFC connectivity. For measures of static and dynamic connectivity that were significantly correlated with caffeine intake (p Ͻ .05), analyses were rerun with caffeine as a covariate, and results did not change.
Relationship of mPFC Functional Connectivity Variability to Cognition
Given that the functional connectivity between the mPFC and PCC demonstrated reduced temporal variability in the BD group compared with the HC group, mPFC-PCC connectivity variance was considered in multiple linear regression analyses to determine its association with measures of processing speed and executive function. For processing speed, regression analysis revealed a main effect of group, ␤ ϭ 1.20, p ϭ .012, and Group ϫ Variance interaction, ␤ ϭ Ϫ1.12, p ϭ .011 (overall model fit: R 2 ϭ .32, p ϭ .008). Follow-up of this interaction revealed that reduced variance in mPFC-PCC connectivity was associated with decreased processing speed in the BD group (␤ ϭ Ϫ.755, p ϭ .001), but there was no significant relationship in the HC group (␤ ϭ Ϫ.147, p ϭ .548). Additionally, for executive function, the regression model revealed a main effect of group, ␤ ϭ 1.30, p ϭ .011, and Group ϫ Variance interaction, ␤ ϭ Ϫ1.12, p ϭ .017 (overall model fit: R 2 ϭ .26, p ϭ .033). Further examination of the interaction effect revealed that decreased variability in mPFC-PCC connectivity was associated with reduced cognitive control and flexibility in the BD group (␤ ϭ Ϫ.669, p ϭ .006) but not HC group (␤ ϭ .058, p ϭ .821). Figure 3 depicts the relationship between mPFC-PCC connectivity variability and measures of executive function and processing speed for BD and HC groups.
Given that there appeared to be a bimodal distribution of variance scores in the HC group, we divided the HC group into two subgroups (i.e., those with variance Ͼ0.20 vs. those with variance Ͻ0.20) and repeated the above analyses with three groups (BD vs. HC-High vs. HC-Low). These follow-up analyses for both composites showed Group ϫ Variance interactions (ps Ͻ .027), such that neither HC subgroup showed a relationship between cognition and variability of mPFC-PCC connectivity (ps Ͼ .252), in contrast to the significant associations in the BD group (ps Ͻ .006).
Medication Burden and Disease Severity
Medication load was examined as a potential contributor to cognitive performance and functional connectivity and was not found to be correlated with either cognitive composite scores or connectivity strength or variability in our BD sample (ps Ͼ .551). Moreover, accounting for medication load did not significantly diminish the relationship between connectivity variance and processing speed (Sobel's statistic ϭ Ϫ.224; p ϭ .822) or executive function (Sobel's statistic ϭ .219; p ϭ .827). Furthermore, we evaluated the relationship between current antipsychotic medication use and DMN connectivity and found no significant associations (ps Ͼ .295).
Finally, the relationship of disease chronicity and symptom severity with altered mPFC connectivity variability was evaluated within the BD group. None of the chronicity variables were related (ps Ͼ .285), but measures of positive and negative psychotic symptoms were positively correlated with mPFC-PCC connectivity variability (PANSS positive: r ϭ .573, p ϭ .025; PANSS negative: r ϭ .574, p ϭ .025), such that increased symptomatology was associated with increased connectivity variability. Note. Data are presented as M (SD). AG ϭ angular gyrus and inferior parietal lobule; aMTG ϭ anterior middle temporal gyrus; BD ϭ bipolar disorder; DMN ϭ default mode network; dPFC ϭ dorsal prefrontal cortex; HC ϭ healthy control; L ϭ left; mPFC ϭ medial prefrontal cortex; PCC ϭ posterior cingulate cortex; R ϭ right; SFG ϭ superior frontal gyrus; sMFC ϭ superior medial frontal cortex; vPFC ϭ ventral prefrontal cortex. Note. Data are presented as M (SD). AG ϭ angular gyrus and inferior parietal lobule; aMTG ϭ anterior middle temporal gyrus; BD ϭ bipolar disorder; DMN ϭ default mode network; dPFC ϭ dorsal prefrontal cortex; HC ϭ healthy control; L ϭ left; mPFC ϭ medial prefrontal cortex; PCC ϭ posterior cingulate cortex; R ϭ right; SFG ϭ superior frontal gyrus; sMFC ϭ superior medial frontal cortex; vPFC ϭ ventral prefrontal cortex. ‫ء‬ Bonferroni-corrected p Յ .017. 
Discussion
The present study examined the temporal features of restingstate functional connectivity within the DMN, with particular focus on the mPFC, in euthymic patients with BD. This study is one of few to apply dynamic functional connectivity metrics in BD, and no other study to date has investigated how temporal variations may be related to cognition. We characterized the static functional connectivity, using traditional methods, between the mPFC and defined regions of the DMN. Subsequently, to explore the effects of time-varying dynamics, correlational analyses of seed regions were repeated using a sliding-window approach with subsets of the time series. Results demonstrated that there were no group differences in static mPFC connectivity to any region of the DMN. When averaged across a 10-min period, mPFC connectivity was not different in euthymic BD patients compared with healthy volunteers. However, the temporal dynamics of mPFC functional connectivity with the PCC was altered in BD participants, such that mPFC connectivity strength with the PCC was less variable over time compared with healthy controls. Second, we sought to identify whether variability in functional connectivity may underlie deficits in executive function and processing speed that are prominent in BD patients, even during periods of euthymia. Consistent with our hypotheses, BD patients with the most abnormal (i.e., least variable and most rigid) connectivity dynamics between the mPFC and PCC showed the slowest processing speed and most difficulty with cognitive set-shifting. These findings do not appear to be related to effects of psychotropic medications. Although these findings support our hypotheses that dynamic analysis of the DMN highlights underlying differences in functional connectivity that may not be captured by traditional static analysis alone, the direction of the relationship was initially unexpected. Given that BD is characterized by dysfunctional emotion regulation (Green, Cahill, & Malhi, 2007) , it might be expected that BD individuals would show increased fluctuation or greater variability in functional connectivity during rest. However, just as a high degree of heart rate variability is observed in well-functioning hearts and suggests optimal cardiac and autonomic adaptability to changing environmental demands (e.g., stress, negative affective states; Thayer, Yamamoto, & Brosschot, 2010) , it might also be argued that an increased degree of neural variability would allow for greater dynamic range and the flexibility to switch between networks in response to task demands. Thus, a certain degree of variability is important to a general readiness to change, and reduced connectivity variability suggests an inability to flexibly switch between networks. This explanation is supported by the observation that reduced mPFC-PCC connectivity variability was associated with slower processing speed and reduced cognitive set-shifting, or the ability to redirect one's attention from one topic to another, in BD patients but not in healthy controls. These findings are consistent with those of other studies of dynamic functional connectivity in BD (Rashid et al., 2014) and schizophrenia Sakoglu et al., 2010) . Rashid and colleagues (2014) also observed regional differences in functional connectivity variability in several DMN components, including the dorsal mPFC, bilateral AG, and bilateral precuneus in patients with BD and schizophrenia. Notably, their results suggested that psychiatric patients tend to be confined to a single connectivity state and make fewer transitions to other states compared with healthy controls. Similarly, in a sample of patients with schizophrenia, Damaraju et al. (2014) found that patients with schizophrenia spend significantly more time in a state of relatively weak and rigid connectivity, whereas healthy controls were able to switch more often between different connectivity states. We, on the contrary, observed that BD patients with the greatest psychotic symptoms had the most mPFC-PCC connectivity variability. Nevertheless, our findings, together with the extant literature, suggest that psychiatric patients demonstrate reduced connectivity variability (or increased connectivity rigidity) across various brain networks, which may impact the speed with which they are able to recruit necessary resources, particularly in the face of changing task demands. As such, variability in resting-state functional connectivity may be an index of flexibility of internetwork switching that is reduced in BD.
In particular, variability in the functional connectivity between the mPFC and PCC may be a correlate of ongoing cognitive impairment in BD during periods of euthymia. The mPFC is a region known to be associated with the processing of selfgenerated information, primarily emotional material involving representing one's own thoughts, actions, and feelings as well as those of others (D'Argembeau, 2013; Denny, Kober, Wager, & Ochsner, 2012; Gilbert et al., 2006; Gusnard et al., 2001) . Similarly, the PCC is most widely known for its involvement in supporting internally directed cognition (Andrews-Hanna, Smallwood, & Spreng, 2014; Brewer, Garrison, & Whitfield-Gabrieli, 2013; Buckner et al., 2008) , primarily due to its central role in the DMN. However, the PCC is a heterogeneous brain structure with functional connections to the DAN and FPCN in addition to the DMN (Leech, Kamourieh, Beckmann, & Sharp, 2011) . Viewed in this context, the PCC is an important transition site and plays an active role in the coordination between various intrinsic connectivity networks, controlling the balance between internal and external focus of attention and optimizing cognitive function (Leech & Sharp, 2014) . This model implies that the connectivity of the PCC is inherently dynamic-it must be sufficiently stable to maintain coherent activity with one network (e.g., DMN) yet capable of responding flexibly to another (e.g., DAN or FPCN). This dynamic system appears to be impaired in BD. Euthymic BD patients exhibit neuropsychological deficits that suggests an inability to regulate or "tune" the breadth of attention (i.e., either too wide and unfocused or too narrow and rigid; Bearden et al., 2010) . Thus, our findings suggest that these cognitive difficulties may be related to poor connectivity dynamics between the mPFC and PCC.
Abnormalities in the mPFC-PCC connectivity are observed in other populations-most notably, healthy aging. PCC connectivity with the mPFC is markedly reduced in older adults, and individuals with the lowest functional correlation exhibit the greatest impairment in memory, executive function, and processing speed (Andrews-Hanna et al., 2007) . Thus, aging is associated with a disruption and weakening of the coordinated activity between the anterior and posterior components of the DMN. A similar observation in our sample of BD patients hints at the possibility that BD may be associated with an underlying accelerated aging process (Cardoso, Bauer, Meyer, Kapczinski, & Soares, 2015; Rizzo et al., 2014) . Although overall connectivity strength was preserved, reduced variability may be an early sign of age-related changes that precedes further disruption of these networks, contributing to cognitive decline. Although BD patients in the current sample did not have substantial cognitive differences from healthy controls or demonstrate cognitive impairment by clinical standards, these patients may exhibit preclinical, neural signs of aging that may not yet manifest as frank cognitive deficits. Further examination of connectivity dynamics in a longitudinal, aging BD population is needed to evaluate the neuroprogression hypothesis of BD (Cardoso et al., 2015) . Additionally, future studies should examine how mood state and affective variability may impact connectivity variability.
Strengths and Limitations
A few limitations to the present study should be acknowledged. This study was focused on the DMN and did not primarily investigate the dynamic functional connectivity of other networks, such as the DAN or FPCN. The decision to concentrate on the DMN was based on its relevance to emotional processing and cognitive function (Buckner et al., 2008; Gusnard et al., 2001) . By limiting our investigation to a single network, we also attempted to maximize power, given our modest sample size. We have included exploratory analyses of group differences in dynamic connectivity with other networks in the supplemental material, but larger future studies should test more powerfully whether differences in dynamic functional connectivity extend to internetwork connections. Additionally, the resting-state scan in this study was only 10 min in duration, which recent research suggests may not be sufficiently long to capture a precise representation of stationary functional connectivity features of individual subjects (Anderson, Ferguson, Lopez-Larson, & Yurgelun-Todd, 2011; Birn et al., 2013; Hutchison, Womelsdorf, Allen, et al., 2013; Laumann et al., 2015) . The precision of correlation matrix estimates greatly improves as the quantity of data increases up to 25 min and beyond (Anderson et al., 2011; Laumann et al., 2015) . Nevertheless, the within-subject variability of the DMN is relatively lower and more stable than that of other networks (Laumann et al., 2015) . Moreover, the multiband echo planar imaging approach adapted from the Human Connectome Project allows for the acquisition of multiple slices simultaneously, thereby increasing the number of observations acquired in the same time period (Moeller et al., 2010) . Furthermore, we did not examine the contribution of individual medications on cognition or brain function, but our analyses do not suggest a large role of medication in the findings. Although history of psychotropic medication use has been associated with changes in brain function in BD (Phillips, Travis, Fagiolini, & Kupfer, 2008) , this study was not designed to disentangle the effects of individual psychotropic medications on functional connectivity. Finally, as previously mentioned, our relatively modest sample size may have limited our power to detect other clinically relevant differences between groups, particularly in overall correlation strength and neuropsychological performance, given considerable interindividual variability.
Despite these limitations, the current study offers a novel perspective on resting-state functional connectivity in BD and presents preliminary findings that warrant further investigation and validation in a larger sample. This study is one of the few that have investigated the temporal dynamics of functional connectivity in BD, and our results extend the existing literature by demonstrating that reduced DMN connectivity dynamics may be a correlate of cognitive dysfunction during euthymia. Specifically, variability in mPFC-PCC connectivity may be an index of internetwork flexibility that modulates the focus of attention, and reduced variability may contribute to the difficulty of BD patients to efficiently process information or flexibly switch from one cognitive task to another. Future studies are needed to determine whether similar variability is observed between and within other intrinsic connectivity networks and how these dynamics may change with age and mood state.
